Abstract-The design of a low cost free floating platform for ground test of on orbit complex operations is presented. The authors describe the bus design and the test of the different components, such as the pressured air tanks feeding the padsneeded for low friction planar operations-, the thrusters, the software and hardware architecture. A major focus is set on the navigation system. The selection process of the inertial sensors is illustrated, with relevant test campaign, performed for assessing the gyroscope and accelerometers characteristics (white noise, bias, random walk). The accelerometers, however, do not prove to be accurate enough to permit even time limited controlled maneuvers. At the scope we add an optical sensor, and include its measurements in the Kalman filter realized to estimate the platform state. Eventually, the performance of the guide, navigation and control system applied to the assembled platform is tested by means of a series of maneuvers characterized by growing complexity: rectilinear path tracking, attitude slewing maneuver, and coordinated translation and rotational control along curvilinear trajectories.
INTRODUCTION
The performance of guidance, control and navigation (GNC) subsystems are of primary importance in a space mission. The pointing accuracy, the capability of fast attitude change, the ability to save precious propellant thanks to a proper orbital maneuvering strategy are often considered cornerstones of a mission design. These aspects are furthermore emphasized when complex space systems are considered, as in the case of satellites formations or space manipulators, when high precision and autonomy in operations are required. For this reason, ground test campaigns are a key step that cannot be skipped. Many industrial and academic research activities focused on the problem of testing space GNC systems. Different approaches can be followed. In [1] an experimental system simulating dynamic behavior of space manipulators is constructed for the purpose of technological demonstration of space robots and evaluation of their dynamic features. The system consists of a space robot with dual manipulators, a suspension system, and a control system. The manipulators are hung by wires at each joint of the manipulators to cancel the effect of the ground gravitational force. Free floating, unwired, platforms were presented in [2] , where an experimental study on the dynamics modeling and control of a free-floating space robot were reported. The MIT Space Systems Laboratory developed [3] the SPHERES formation flying testbed for operation on a 2-D laboratory platform, the KC-135 (parabolic flight), and the International Space Station, addressing the problem of cost and duration for each scenario. The hardware consists of three 23-centimeter diameter, three-kilogram satellites, or "spheres," which can control their relative orientations. Other works deal more specifically on the space manipulator dynamics. Ref. [4] describes a research project aimed at experimentally validating a contact dynamics simulation software thanks to a test facility which houses three robotic arms on a glass-topped table. Ref. [5] presents underlying theory, kinematic control software, and experimental results of a three-dimensional free-flying robot prototype able to follow a given trajectory with its endeffector while base movements are minimized. Experiments were performed in a microgravitational environment obtained during parabolic flight tests. Ref. [6] describes the design and construction of the Formation Control Testbed, where five degrees of freedom are reproduced. The FCT consists of three robots navigating on an air bearing floor, propelled by cold gas thrusters. Each robot contains an attitude platform supported on a spherical air bearing which provides three rotational degrees of freedom. In [7] , [8] , a new laboratory test bed is introduced which enables the hardware-in-the-loop simulation of the autonomous approach and docking of a chaser spacecraft to a target spacecraft of similar mass. The testbed consists of a chaser spacecraft and a target spacecraft simulator floating via air pads on a flat floor. Ref. [9] introduces a method for spacecraft rotation and translation control by on-off thrusters with guaranteed Lyapunov-stable tracking of linear dynamic models for the same test-bed.
In the framework of university activities, the Guidance and Navigation Lab at La Sapienza -University of Rome has designed and realized a low cost testbed dedicated to a 2D verification of guidance strategies, control laws and navigation sensors and relevant filtering software. It has been named PINOCCHIO, standing for Platform Integrating Navigation and Orbital Control Capabilities Hosting Intelligence Onboard. In this paper, the main characteristics and design guidelines leading to the present configuration are described. Special attention will be dedicated to the friction reduction system (needed for simulating zero gravity environment at least in the horizontal plane), and to the navigation system, where the selection process of the inertial measurements sensors is also briefly reported. For each of the examined subsystems the findings of dedicated test campaigns performed to confirm the expected characteristics are presented. Finally, the assembled platform is controlled to achieve a sequence of tasks: attitude acquisition, trajectory tracking and simultaneous attitude and trajectory tracking. The results suggest an overall soundness of the project, highlighting the possible future improvement to the present state.
PINOCCHIO SUBSYSTEMS DESIGN
PINOCCHIO consists of a service bus and an upper payload and on board data handling plane. The main subsystems are the air suspension, the pneumatic distribution lines, the actuators (electrovalves and nozzles), the central process unit and the inertial measurement unit.
The air suspension: test of the friction reduction
The bus rests on three Microplan AB 0481 air bearings in order to reduce the sliding friction between the flyer and the working plane, and simulate a zero-g environment. A thin air film is formed below the three pads, and at a pressure of 1 bar it reduces the friction coefficient to about
, as reported in the factory datasheet. This value has been experimentally proved, by building a pendulum formed by a thin nylon thread linked to a rough model of the of the free flyer (with similar inertial properties). The damping of the oscillations is a useful information to evaluate the friction acting on the system. Since the friction can be decomposed in an air drag component and a sliding friction component, two experiments were carried out. In the first one ( Figure 1 , upper frame) the rough mock up module is oscillating in the air; in this way, a measure of the air drag can be obtained by measuring (by means of a camera) the damping of the oscillations, following eq. (1):
where, J and M are the system mass and inertia moment of the mockup, θ is the pendulum oscillation angle with respect to vertical direction, g is the gravity acceleration, l is the length of the pendulum, 
In this case, the dynamics depend on the inclination of the plane α (very small, so that the period of the oscillation is very large) and on the sliding friction, determined by the parameter µ . The measurements of the air drag ( As a result of the test campaign a sliding friction coefficient of ( ) velocities, air drag is about half as important as sliding friction); therefore, it can be concluded that as long as experiments are performed in non-vacuum scenarios, the air suspension does not qualitatively change the accuracy of the two dimensional space environment reproduction.
Air distribution system
The pneumatic system is made up of two tanks ( Figure 2) . A first tank was initially designed to be dedicated to store the air for the flyer suspension, while a second tank stored the air for the cold gas thrusters (depicted in Figure 3 ). At the current stage, in order to achieve longer maneuvers, the two tanks were connected, thus providing a single double sized air tank.
The airflow directed to thrusters and air bearings is regulated by means of two pressure gauges. The thrusters' compressed air duct is controlled by means of eight pneumatic electrovalves, which are the ON/OFF actuators for the attitude and translational control. The four translation thrusters are allocated in the middle of the four sides (along the ± x-body axis and ± y-body axis), while the four attitude thrusters are placed in two pairs along two sides to supply the required torque. As a result, two of the sides only host one thruster, while the other two sides host three thrusters. In this way there is a decoupling among translation and attitude control signals, since they are actuated by two different sets of four thrusters each. 
Figure 4 Scheme of the data handling architecture

System configuration
A smooth, horizontal glass working plane allows for limited range maneuver (order of 1m), that will be reported in Section 5 below, dedicated to the experimental results. Figure 5 represents the current status of the developed platform, i.e. a wooden version of the flyer. The upper and lower bases are regular hexagons, each side 17cm long; the central body is a 20cm sided square prism, 45 cm high; its mass is 7 kg and its moment of inertia with respect to the central vertical axis (z-body axis) is 0.105 kg m 2 . The upper plane is dedicated to the on board computer and to the navigation sensors. Additional space is available for future additional payloads, such as cameras, a GPS receiver and possibly robotic manipulators. Moreover, the design is such that a further modular upper plane can be easily added. 
NAVIGATION SYSTEM DESIGN AND TEST
The selection of the proper navigation sensor required a careful evaluation of the performance of different possible candidates. Table 1 reports the main characteristics of three Analog Devices' sensors as from their datasheet. In detail, ADIS 16354 is an integrated three axis gyro and three axis accelerometer unit. ADIS 16060 is a monoaxial gyroscope, ADIS 16201 is a biaxial accelerometer. Of course, for bidimensional maneuvers as the ones that will be performed by PINOCCHIO, two ADIS 16201 and one ADIS 16060 should be used to obtain the same information of the integrated ADIS 16354 sensor (x,y accelerations, and z-axis angular velocity). Picture of the three sensors can be seen in Figure 6 . The dynamic range reported for the three sensors in Table 1 is not a critical value for the floating platform, since the maneuvers are usually quite slow, with a particular attention to accuracy. In this sense, the scale factor is of greater interest, representing the minimum value (acceleration or angular velocity) which is possible to measure in terms of Least Significant Bit (LSB). The accelerometers of ADIS 16201 and ADIS 16354 has an identical scale factor, while the scale factor of the gyroscope ADIS 16060 is smaller than ADIS 16354 (but in both cases is less than 0.1 deg/s/LSB, which is quite accurate for our purposes). Even more important is the standard deviation of the white noise affecting the output signal. From Table 1 it is possible to see that while the accelerometers in ADIS 16354 have a reduced white noise with respect to ADIS 16201, the performance of the gyroscopes of ADIS 16060 and ADIS 16354 are identical. The white noise determines the measurement's accuracy, and it is also responsible for the random walk noise, that affects the integrals of the measurements. In fact, since we are interested not only in the measurement of the angular velocity and of the acceleration, but also in the attitude and translational velocity and position, it must be taken into account that the direct integration of a variable affected by white noise suffers from an additional noise (random walk) whose standard deviation increases with time following eq. (3) (see ref.
[10])
where f s is the sampling frequency and t is the time. In particular, the Angular Random Walk (ARW) is given by:
If a second integration in time is needed (e.g. when the position is to be evaluated starting from the acceleration), the time dependence of the random walk is given in eq. (5): 
For very short sub-intervals, the white noise component is dominant, while it is possible to demonstrate that the standard deviation of the random walk is equal to the square root of the AV for 0 kτ =1.
An experimental test campaign has been performed, with long duration acquisition from accelerometers and gyros in a fixed configuration, in order to confirm the performance reported in Table 1 . Figure 7 reports the recorded measurements using ADIS 16201 (upper subplot) and ADIS 16354 (upper subplot). The mean value different from zero is due to the working plane which is not perfectly horizontal. The standard deviation of the signals is respectively 0.0122g and 0.00193g, sufficiently close to the expected values as reported in The integrated board ADIS 16354 has also the possibility to activate a Finite Impulse Response (FIR) digital filter on the signal bandwidth to limit the dynamic range and reduce the white noise. In particular, when the dynamic range of the gyroscope passes from 300deg/s to 75 deg/s, the standard deviation of the white noise decreases from 0.47 deg/s to 0.17 deg/s (about 64% less). The experimental test of the random walk characteristics has been performed with the FIR filter activated, so that the better performance of the ADIS 16354 gyro in terms of random walk with respect to ADIS 16060 can be explained. The Allan's deviation (equal to the square root of the AV) is reported in Figure 9 and Figure 10 for the cases of the ADIS 16354 accelerometer and gyro. The value corresponding to the angular random walk has been reported explicitly. As a result of the comparison, Table 2 summarizes the performance of the evaluated sensors in terms of random walk. Due to the possibility to activate the FIR filter, the performance of ADIS 16354 is certainly more accurate. Furthermore, taking into account also the fact that ADIS 16354 is a compact, integrated inertial measurement unit, it has been selected for the navigation system of PINOCCHIO. In Figure 11 it is possible to see a picture of the final architecture. The SPI communication is regulated by means of an Arduino Uno microcontroller. The microcontroller is connected to the CPU by means of USB connection (translated in a serial communication thanks to a dedicated chip on Arduino board). 
Dynamic test of angular velocity measurement
The performance of gyroscope has been tested up to now in terms of stability of the measurement in a fixed configuration. However, the accuracy in measuring the angular velocity in different dynamic scenarios must be also assessed. To this purpose, a dedicated cradle is realized to host the CPU+IMU cluster. This cradle, suspended by air pads, is connected to a planar single link robotic arm controlled by means of a high precision stepper motor which operates a frictionless motion on a smooth table (see Figure  12 ). Slewing maneuvers characterized by a wide range of angular velocities is performed, from about -9 deg/s to +9 deg/s. Figure 13 reports the difference between the commanded motor angular velocity and the measured gyroscope angular velocity. Assuming, also on the basis of the experience on the set-up, that the actual velocity is quite close to the commanded one, the performance of the gyroscope can be considered satisfactory, showing for the all range of angular velocities an error that is less than 0.25 deg/s.
Figure 12
The facility to test the IMU performance in different dynamic ranges, with a precision-commanded robotic arm which rotates, without friction, on a polished surface. 
Attitude estimation and test
The measurements of angular velocity are also used to evaluate the platform attitude. In order to take into account the day-to-day variation in gyros' bias, any time the gyroscope is turned on an estimate of the current bias is performed by acquiring a large number of data in a still configuration. After this preliminary calibration is performed, the attitude is not evaluated by direct integration, but as the output of a linear Kalman filter described by the simple process equation:
where θ is the attitude angle, J the inertia moment and u the control torque, and by the measurement equation:
where z is the gyroscope angular velocity measurement. The assessment of this technique's performance is obtained by means of the comparison with angle measurements provided by processing the images acquired from a camera recording the platform motion. Figure 14 reports a sequence of four frames where it is possible to see the angle between an inertially fixed line and a body-fixed direction. The camera accommodated onboard PINOCCHIO is a commercial webcam with a resolution of 640x480 pixels. The accuracy of this comparison tool is not very high and actually less than the expected estimated gyro angle, but it has been nevertheless useful to assess the convergence of the Kalman filter estimate, as shown in Figure 15 . 
Additional position sensor
Since the accuracy of the accelerometer is quite poor, the position evaluated from its measurements would not be sufficient for the purposes of controlling the floating platform. Therefore an additional sensor has been added to the navigation system: an optical sensor based on the optical flow algorithm, detecting the displacement of a given point of the base, is attached as in Figure 16 . The resolution of this sensor is about 1/30 mm. The output is included in the Kalman filter algorithm evaluating attitude and position; in fact, the sensor measures the displacement in terms of body referenced axis, and must be manipulated taking into account the platform attitude in order to obtain inertially referenced measurements. 
CONTROL SIGNAL MODULATION AND ACTUATION
The thrusters are actuated by means of eight electrovalves. The control signal is evaluated by the CPU and sent to a dedicated Arduino Duemilanove microcontroller (serial communication). The microcontroller commands the driver of the electrovalves. To this aim a ULN2803A chip has been selected, accommodating eight Darlington bridges to amplify the TLC signal (see Figure 17) . A Pulsed Width Modulation technique has been selected, since the actuators are ON/OFF type. The continuous control signal that is evaluated by the CPU is transformed in a pulsed signal by the usual techniques of comparing the continuous signal to a saw-teeth function. The period of the saw-teeth is designed to be 1s, while the amplitude is equal to the thrust expected by the actuators. When the control signal is less than the saw teeth function, the modulated signal is zero, while when the continuous signal is higher, the modulated signal is equal to the expected thrust level. Starting from an initial guess given by the nozzle datasheet, the thrust level has been first experimentally verified with a precision force balance (descrivere). Then, the accelerometer response has been analyzed with the thrust actuated in the final assembled configuration. In Figure 18 it is possible to see that the accelerometer measurements confirm the expected control level, but it also clear that the accuracy of the measurements is too low to be used as a standalone navigation system for position determination. As a result of the overall test campaign, the expected control level when nozzles are fed with a 3 bar pressured air is about 0.2N for translation force and 0.0288 Nm for the torque. 
TEST MANEUVERS FOR GNC VERIFICATION
Attitude acquisition
The first test of the GNC system performance deals with a simple attitude acquisition, moving from 0 deg to 30 deg following a 3 rd order trajectory in the attitude angle, starting and ending with a steady state. The maneuver is first tested by means of a software simulator, where the estimate inertial parameters and thrusters performance are included. The result is reported in Figure 19 , where the continuous control signal and the modulated signal are reported. Figure  20 shows the same quantities for the experimental test. The control signal is not as smooth as in the ideal simulated case, but the pulsed signal is qualitatively similar, and the results in terms of control cost are very close. Considering the overall thrusting time as a measure of the control cost, the simulated result T=1.45s is a fairly good approximation of the experimental result T=1.51s. Figure 21 reports the time history of the platform attitude during the experiment, compared with the simulated attitude dynamics. The errors are below 1 deg, a value that for this feasibility test is considered an acceptable result. 
Position and attitude acquisition
A second test has been performed to verify the possibility to track trajectories that are not aligned with one of the thrusting directions (x-body and y-body axis). At the scope, the platform is first rotated by 30 deg as in the previews test, then its motion is controlled to track an along-X path, where X is an inertially fixed direction. At the initial time the X axis is parallel to one of the thrusting directions (x-body). After the rotation, the x-body thrusting direction forms an angle of 30 deg with the path to be followed (and y-body thrusting direction forms of course an angle of 120° with the X direction). At the final time, the platform center of mass must be resting at a distance of 40 cm in the X direction from the initial position, with zero residual velocity. The attitude change is performed in the first 15 seconds (see Figure 22) ; afterward, the center of mass moves along the X direction as reported in Figure 23 . Finally, Figure 24 shows the trajectory of the center of mass in the XY working plane; for clarity, the shape of PINOCCHIO (hexagonal base, central square body and translational thrusters) is reported scaled to one half of their actual dimension. The attitude suffers from a degraded performance in the last time instants, since the maneuver has a large control cost, and the cold gas tanks pressure decreases below 3 bar at the end of the maneuver; therefore the thrust intensity decreases and so does the accuracy.
Complex trajectory tracking
As a final test-case, a complex maneuver involving continuously changing attitude and center of mass position is performed. The reference path is a semicircle of radius 25cm, to be tracked in a mission time of 30s. During the maneuver, the attitude is changed so that the x-body axis is always aligned to the velocity direction; this means that the platform has to rotate of 180deg during the mission time. Figure 25 shows the reference path, the actual followed path and the sketch of the platform (scaled to one half of its dimensions). The maneuver is successfully achieved, even if it has a high cost in terms of pressured air consuming. The limited pressure that at present day can be reached in the air tanks represents one of the most important fields of development for the prototype floating platform. The effects of a depleting tank can be seen in the errors on the desired position (in module) reported in Figure 26 . It is possible to see that the errors are growing with time, due to the fact that thrust levels are decreasing with air pressure. Nevertheless, also this last test confirm that even complex maneuvers can be accomplished with the designed GNC system, since the maximum error is of the order of 2 cm, that is about 2.5% of the total overall path described (that is about 78cm long). 
FINAL REMARKS
The design of the PINOCCHIO floating platform, with specific details of its guidance, navigation and control system, has been presented in this paper. The main components of the system are the pneumatic suspension system and thrusting, the navigation system, the on board data handling, and actuators. Each component has been tested separately, and the results have been shown for the air suspension system, the thrusting force, and in particular for the navigation sensors. Three different inertial sensors have been compared and according to the results in terms of dynamic range, scale factor, white noise and random walk, an integrated IMU has been selected. Additional tests on the gyroscope measurements have been made for different dynamic ranges, while a vision based approach has been used to assess off-line the accuracy of the attitude estimated via a simple linear Kalman filter. The guidance, navigation and control system of the assembled platform have been tested in three maneuvers of increasing complexity. First an attitude acquisition, then a rectilinear trajectory tracking with attitude keeping, and finally a continuously time varying trajectory and attitude tracking are performed. The results permit to affirm the soundness of the design, with some limitations on the duration of the maneuvers. Future developments should focus on increasing the duration of air suspension and thrusting time, by replacing low pressure, large tanks with high pressured smaller tanks. Following this adjustment, a larger, smooth, horizontal working plane will be built up. Finally, twin PINOCCHIO platforms will be developed: in such a way, complex orbital maneuvers such as approaching, inspection, grasping and docking operations, common for example in on orbit servicing missions, could be tested.
